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Chapter 1  
INTRODUCTION  
For all the technological sophistication of modern chemistry, we remain dependent on a 
finite stockpile of high-energy and synthetically-useful chemicals. These reserves were generated 
over the course of millennia by ancient plants and algae and passed down to us in the form of 
petroleum, coal, and natural gas reserves. As of 2014, 80% of global energy production was from 
fossil fuel consumption,1 and petroleum and natural gas exploitation together accounted for 
effectively all of the plastic and commodity chemical industries’ feedstock supplies. So, why is 
our economy built on the consumption of non-renewable fossil fuel reserves? Compared to 
photosynthetic organisms, photocatalysis is underdeveloped in our chemical technology. The 
ability to convert carbon dioxide and water into fine chemicals such as glucose with the energy 
of sunlight using fully synthetic systems remains a challenge. If we are to become self-sufficient 
and stop relying on our chemical inheritance, understanding such chemical transformations is 
paramount. Just as one can only engineer an efficient engine with a solid foundation in classical 
physics, one can only design molecular machinery as sophisticated as that found in chloroplasts 
with an understanding of the mechanics of charge transfer. 
One particularly important concept in charge transfer chemistry is proton-coupled 
electron transfer (PCET) (Figure 1.1). By orchestrating the movement of protons and electrons, 
PCET can allow for efficient, long-range transfer of 
energy within chemical systems. In particular, concerted 
proton-electron transfer (CPET) processes can 
circumvent the high-energy barriers involved in the 
generation of charged intermediates. PCET is of critical 
importance in a variety of biological processes—
including photosynthesis and respiration.2–5 
Understanding how to tailor a system to promote 
efficient CPET reactivity is a key matter in the rational 
design of efficient catalysts. In particular, it is important to understand how thermodynamic 
driving force influences the pathway and the kinetics of the system. 
Figure 1.1: Square scheme for a generic 
termolecular PCET reaction between AH, a proton 
acceptor B, and an oxidant. The sides of the 
square illustrate the two stepwise pathways (PT 
ET and ET PT) and the concerted pathway (CPET). 
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Chapter 2  
SYNTHESIS AND CHARACTERIZATION OF A SERIES OF SUBSTITUTED  
7-DIMETHYLAMINOQUINOLINES FOR USE AS SPECTROSCOPIC HANDLES FOR PROTON 
TRANSFER EVENTS IN NON-AQUEOUS SOLUTION 
Excerpted & adapted with permission from Eisenhart, T.T., Howland, W.C. and Dempsey, J.L. 
Eisenhart, T. T.; Howland, W. C.; Dempsey, J. L. Proton-Coupled Electron Transfer Reactions 
with Photometric Bases Reveal Free Energy Relationships for Proton Transfer. J. Phys. Chem. B 
2016, 120 (32), 7896–7905. © 2016 American Chemical Society. 
 
Introduction 
While theory describing electron transfer processes, particularly that developed by 
Marcus, is mature, understanding of proton transfer and PCET remains incomplete. Debates over 
the appropriate model for relating proton transfer kinetics to thermodynamics remain 
unsettled.6,7 
The relationship between thermodynamic driving force and kinetics is particularly well 
understood for electron transfer, for which Marcus theory predicts the now familiar parabolic 
dependence of the rate upon the Gibbs Free Energy difference.8 The crux of this theory is that, 
for adiabatic thermal electron transfer to occur, the donor and acceptor must adopt a 
configuration that is at the intersection of the reactant and product energy surfaces. If one 
models the reaction cordinate as two intersecting parabolas, the rate is predicted by Equation 
2.1, where 𝐻𝐴𝐷 is the coupling between reactant and product electronic wavefunctions, Δ𝐺
𝑜 is 
the Gibbs free energy difference between reactants and products, 𝜆 is the reorganization energy 
(the energy difference between the coordinate on the product energy curve directly above the 
reactant energy curve minumum and the product energy minimum, accounting for the 
reorganization of donor and acceptor geometries and the reorganization of the solvent to 
account for the change in charge distribution), ℏ is Planck’s constant divided by 2𝜋, 𝑅 is the ideal 
gas constant, and T is the temperature. The key result of this analysis is that ln 𝑘𝐸𝑇 is proportional 
to −(Δ𝐺𝑜 + 𝜆)2 , indicating that the rate will increase with increasing driving force only to the 
point that Δ𝐺𝑜 = 𝜆.When Δ𝐺𝑜 > 𝜆, the rate will be diminished by further increases in driving 
force. This counterintuitive regime is known as the “inverted region.” This relation of Δ𝐺𝑜 to 𝑘𝐸𝑇 
was experimentally supported by the work of Closs and Miller.9 
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𝑘𝐸𝑇 =
𝐻𝐴𝐷
2
ℏ
(
𝜋
𝜆𝑅𝑇
)
1
2
exp [
−(Δ𝐺𝑜 + 𝜆)2
4𝜆𝑅𝑇
] (2.1) 
 For proton transfer, on the other hand,  the most appropriate model remains a matter of 
debate. The traditional view, first put forward by Brønsted in 1924, is that the natural log of the 
proton transfer rate constant varies linearly with driving force.10 That is, that there is a true Linear 
Free Energy Relationship (LFER) for proton transfer. This model, although originally empirical, 
was eventually developed to have grounding in Eyring’s transistion state theory and take into 
account quantum tunneling.6 However, there has long been speculation that  the energy profile 
of the reaction may involve sufficient reorganization that Marcus theory may be applicable, 
producing a parabolic relationship.7 The smoking gun that is the inverted region has been 
observed in only a handful of systems11,12 and there is still considerable debate over whether an 
inverted reagion should theoretically even be observed. A broader range of systems in which 
non-linear behavior could be studied would produce more solid grounds for analysis of factors 
that affect the form of the kinetic dependence on thermodynamics. What’s more, there has been 
no previous systematic study of the free energy dependence of proton transfer kinetics within a 
PCET system.  
The simultaneous monitoring of the proton and electron transfer processes of a PCET 
reaction is scarce in the literature, largely as a result of the difficulty in observing proton transfer 
by techniques also capable of monitoring electron transfer. Prior studies have largely relied upon 
kinetic isotope effect (KIE) studies and thermodynamic calculations to infer the nature of the 
proton transfer component2,13–17 or monitored proton transfer spectroscopically (typically time-
resolved IR) and electron transfer electrochemically, in separate experiments.18–23 However, 
examples that involve the simultaneous monitoring of ET and PT in a PCET process do exist: one 
system that has been probed in detail is the photochemical reactivity of acridine orange (AO) 
with 2,4,6-tri-tert-butylphenol or TEMPOH and the thermal return to starting materials (Scheme 
2.1).24 In these processes, AO undergoes both electron and proton transfers—the identities of 
the intermediates is a central question in understanding such a PCET process. Because AO has 
distinct UV-vis absorption spectra in each oxidation and protonation state, and both the phenoxyl 
and TEMPO radicals provide UV-vis handles, the system can be observed in great detail by 
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stopped-flow spectroscopy. For all of the information that can be extracted from this particular 
system, these methods would be of greater value if they could be applied to a series of closely-
related PCET systems in which a single property is varied in a well-defined manner—for example, 
the driving force of the proton transfer. The ability to observe changes to the PCET pathway of a 
system in response to systematically varied system properties will provide a functional 
understanding of how to fine-tune systems for efficient PCET reactivity. 24 
 
Figure 2.1: 2,4-R-7-(Dimethylamino)quinolines with the R groups of the synthesized variants. 
In the interest of developing a proton-transfer probe as effective as acridine orange, but 
with more substitutional (and thus, pKa) tunability, substituted 7-(Dimethylamino)quinolines 
(Figure 2.1) were targeted for synthesis. The work summarized in this chapter is the development 
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of this probe for the spectroscopic monitoring of PT as a component of a complete PCET process 
in non-aqueous solutions. 
Experimental Methods 
 Reagents were purchased from Sigma-Aldrich, with the exceptions of 3,4-
dimethoxyphenylboronic acid (VWR), 3,5-bis(trifluoromethyl)-phenylboronic acid (Matrix), and 
phenylboronic acid (Chem-Impex). The acetonitrile used (Fisher Scientific, HPLC, >99.9%) was 
degassed with argon and dried with a Pure Process Technology Solvent System. 2-Picoline, 
tetrafluoroboric acid diethyl ether, and aniline were degassed via the freeze−pump−thaw 
method (3+ cycles) and stored under an inert atmosphere. UV−vis absorbance spectra were 
collected on an Agilent Cary 60 spectrometer. NMR spectrometry was conducted with a Bruker 
400 MHz spectrometer. 
Photometric Base Synthesis 
Scheme 2.1: Synthetic route for the production of unsubstituted 7-(Dimethylamino)quinoline (H-7DMAQ) from N,N-
Dimethylaminoaniline (DMAA). 
  
7-(Dimethylamino)quinoline (H-7DMAQ) 
 Unsubstituted 7DMAQ (H-7DMAQ) was obtained via Skraup reaction as described by 
Picken25 with a modification from Ozerov (Scheme 2.1).26 1.0 g (4.8 mmol) 3-(N,N-
Dimethylamino)aniline dihydrochloride was dissolved in 10 mL of H2O and to it 20 mL of 1.0 M 
sodium hydroxide was added. Dichloromethane (4 x 25 mL) was used to extract the basic aniline, 
and the combined organic layers were concentrated in vacuo to a brown oil in a round bottom 
flask. Glycerol (0.5 mL, 6.8 mmol) and sodium iodide (1.08 g, 7.2 mmol) were added. The reaction 
flask was put on ice and concentrated sulfuric acid (2.7 mL) was added dropwise. The mixture 
was heated to reflux (140° - 150° C) for a period of 3 hours. After cooling, equal volumes (40 mL) 
of H2O and CH2Cl2 were used to transfer the mixture to a 250 mL Erlenmeyer. The Erlenmeyer 
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was put on ice, and the mixture was basified with aqueous sodium hydroxide (1.0 M) until pH 
paper confirmed the solution was alkaline. Sodium sulfite was added to quench any remaining I2, 
and the reaction mixture was filtered. CH2Cl2 (4 x 25 mL) was used to extract the organic product. 
The organic layer was dried (MgSO4), filtered, concentrated to an oil, and purified on silica gel 
(eluent, chloroform/methanol 99.5/0.5 to 95/5) yielding H-7DMAQ as a yellow oil (0.39 g, 47% 
yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.74 (1H, d), 7.96 (1H, d), 7.64 (1H, d), 7.19 (1H, dd), 
7.16 (1H, d), 7.10 (1H, dd), 3.10 (6H, s). 
Scheme 2.2: Synthetic route for the production of 3,4 substituted 7-(Dimethylamino)quinolines (R-7DMAQs) from N,N-
dimethylaminoaniline (DMAA). 
  
2-4-Substituted 7-(Dimethylamino)quinoline Derivatives (2,4-R-7DMAQ) 
 The four 2,4-OH-7DMAQ species were synthesized in three steps (Scheme 2.2), beginning 
with the synthesis of 2,4,-Dihydroxy-7-(Dimethylamino)quinoline (2,4-OH-7DMAQ), which was 
then brominated. 2,4-Br-7DMAQ was used as the starting material for the Suzuki coupling 
reactions that yielded all of the aryl-substituted 7DMAQs. 
 2,4-Dihydroxy-7-(Dimethylamino)quinoline. This reaction was based on one previously 
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reported by Knierzinger and Wolfbeis.27 DMAA was recovered from its dihydrochloride salt as 
described in the above section on the synthesis of H-7DMAQ . Diethylmalonate (1.5 mL, 9.6 mmol) 
was added to the round bottom containing the aniline, a Dean-Stark apparatus was fitted to the 
flask (to distill off ethanol produced in situ), and the mixture was refluxed between 180-200°C 
for three hours. Upon cooling, mostly grayish solids were left behind in the reaction flask. The 
solids were transferred to a Buchner funnel and washed thoroughly with H2O. Solids retained by 
the funnel were placed in a beaker and stirred with acetone. This mixture was then filtered, and 
the resulting solids collected are 2,4-dihydroxy-7-dimethylaminoquinoline (OH-7DMAQ) (1.4 g, 
75% yield). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 10.83 (s, 1H, –OH), 10.70 (s, 1H, –OH), 7.54 (d, 
1H, Ar–H), 6.60 (dd, 1H, Ar–H), 6.40 (d, 1H, Ar–H), 5.42 (s, 1H, Ar–H), 2.95 (s, 6H, CH3). 
 2,4-Dibromo-7-(Dimethylamino)quinoline (2,4-Br-7DMAQ). This synthesis was adapted 
from the work of Janin et al.28 To a round bottom containing a teflon-coated stir bar, OH-7DMAQ 
(1.0 g, 4.9 mmol), POBr3 (7.0 g, 24.5 mmol) and K2CO3 (2.0 g, 14.7 mmol) were added. This mixture 
was dissolved in dry acetonitrile (60 mL) and refluxed for three hours at 80°C. After the mixture 
cooled, water was slowly added to the reaction vessel until the solution stopped bubbling. 
Aqueous 2 M NaOH was then added until the solution reached neutral pH and a precipitate 
formed. CH2Cl2 (4 x 50 mL) was then used to extract the organic product. A simple silica column 
with CH2Cl2 mobile phase separated the product mixture (typically the second yellow band to 
elute). 2,4-Br-7DMAQ was obtained as a green-yellow crystalline powder (0.53 g, 33%). 1H NMR 
(400 MHz, CD2Cl2) δ (ppm): 7.89 (d, 1H, Ar–H), 7.44 (s, 1H, Ar–H), 7.14 (dd, 1H, Ar–H), 6.99 (d, 1H, 
Ar–H), 3.09 (s, 6H, CH3). 
2,4-R-7-(Dimethylamino)quinolines (2,4-R-7DMAQs) 
This is a generalized synthetic procedure for each of the 2,4-R-7DMAQs (all but H-7DMAQ). 
In a nitrogen-filled glove box, 2,4-Br-7DMAQ (1 eq), the desired boronic acid (2.2 eq), Pd(PPh3)4 
(0.04 eq), and a teflon-coated stir bar were added to a schlenk flask. The flask was brought out 
of the box and put under a positive pressure of nitrogen flow on a Schlenk line. Ba(OH)2 (3 eq) 
was also added to the flask, and the reagents are dissolved in a mixture of dimethoxyethane/H2O 
(4:1). The mixture is refluxed at 85°C under a stream of N2 for 48 hours. Upon cooling of the 
reaction mixture to room temperature, water was added to the flask to aid in transferal to a 
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separatory funnel. The mixture was then extracted with CH2Cl2 and purified further using column 
chromatography as described below for each variant. 
2,4-Diphenyl-7-(Dimethylamino)quinoline (Ph-7DMAQ). Mobile phase composition: 
CH2Cl2/methanol 98/2, increasing in strength to 95/5 as necessary for product elution. The first 
colored band to elute contains the product, although care must be taken as the leading edge 
contains a contaminant. The product was then further purified by dissolution in minimal hot 
ethanol, to which hot water was added dropwise until cloudiness persisted. The mixture was then 
cooled to room temperature before being placed in a freezer. A red microcrystalline powder was 
recovered by filtration (20% yield). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 8.25 (s, 2H, Ar–H), 7.4-
7.63 (m, 10H, Ar–H), 7.21 (m, 2H, Ar–H), 3.11 (s, 6H, N–CH3). 
2,4-Bis(3,4-dimethoxyphenyl)-7-(Dimethylamino)quinoline (MeO-7DMAQ). Mobile phase 
composition: CH2Cl2/methanol 98/2, increasing in strength to 95/5 as necessary for product 
elution. The first colored band to elute contains the product, although care must be taken as the 
leading edge contains a contaminant. The product was then recrystallized using hot 
ethanol/water as described above under the Ph-7DMAQ header. A dark red microcrystalline 
powder was recovered by filtration (18% yield). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 7.84 (s, 1H, 
Ar–H), 7.77 (d, 1H, Ar–H), 7.66 (d, 1H, Ar–H), 7.31 (s, 1H, Ar–H), 6.97-7.11 (m, 5H, Ar–H), 4.05 (s, 
3H, O–CH3), 3.99 (s, 3H, O–CH3), 3.93 (s, 3H, O –CH3),  3.13 (s, 6H, N–CH3). 
 2,4-Bis(2,3,5,6-tetramethylphenyl)-7-(Dimethylamino)quinoline (TMP-7DMAQ). To the 
crude solid produced by evaporating the organic phase was added 125 mL of aqueous HCl (0.2M), 
which yielded a green precipitate that was then recovered by filtration. The solid was then 
dissolved in 1:1 methanol/water. The solution was basified to pH 5 by the addition of aqueous 
potassium hydroxide (0.2 M). Product was extracted withCH2Cl2, concentrated, and recrystallized 
using hot ethanol/water as described above under the Ph-7DMAQ header. An orange powder 
was recovered by filtration (48% yield). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 7.32 (s, 1H, Ar–H), 
7.23 (d, 1H, Ar–H), 7. (d, 1H, Ar–H), 6.98-7.05 (m, 2H, Ar–H), 6.84 (s, 1H, Ar–H), 3.09 (s, 6H, N–
CH3), 2.26 (s, 12H, Ar–CH3), 1.97 (s, 6H, Ar–CH3), 1.84 (s, 6H, Ar–CH3). 
2,4-Bis(3,5-bis(trifluoromethyl)phenyl)-7-(Dimethylamino)quinoline (CF3-7DMAQ). 
Mobile phase composition: CH2Cl2/hexanes 1/1. The first colored band to elute contains the 
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product. To the crude solid produced by evaporating the organic phase was added 125 mL of 
aqueous HCl (0.2M), which yielded a green precipitate that was then recovered by filtration. To 
the green precipitate is added aqueous sodium hydroxide (0.2 M) and product is extracted into 
CH2Cl2. Evaporation of the organic phase yields yellow crystals (60% yield). 1H NMR (400 MHz, 
CD2Cl2) δ (ppm): 8.75 (s, 2H, Ar–H), 8.04 (s, 1H, Ar–H), 8.01 (s, 2H, Ar–H), 7.96 (s, 1H, Ar–H), 7.53-
7.51 (m, 2H, Ar–H), 7.34 (s, 1H, Ar–H), 7.22-7.19 (m, 1H, Ar–H), 3.18 (s, 6H, CH3). 
Determination of pKa Values via Spectrophotometric Titration 
Solutions of the photometric bases were prepared using dry acetonitrile and filtered 
through a potassium carbonate pipette column to remove any acidic impurities. UV-vis spectra 
were recorded. To each of these solutions, one equivalent of HBF4∙OEt2 was added to completely 
protonate the base and another UV-vis spectrum was recorded. Into the solutions were titrated 
2-picoline (conjugate acid pKa = 13.32 in CH3CN)29 or, in the case of CF3-7DMAQ, aniline 
(conjugate acid pKa = 10.62 in CH3CN)29 and spectra were acquired over a range of titrant base 
concentrations. Because the protonated states of the photometric bases are significantly 
redshifted relative to their deprotonated states and the titrant bases do not absorb near the 
protonated state’s absorbance maxima, one can select a wavelength to track for which effectively 
all light absorption can be attributed to the protonated photometric base. From this absorbance, 
then, one can calculate the concentration of protonated photometric base at a given point in the 
titration ([PB]t) using Beer-Lambert law (Equation 2.2), wherein 𝐴𝜆,𝑃𝐵𝐻+  is absorbance at 
wavelength λ attributable to the photometric base, 𝑙  is the path length of the cuvette, and 
𝜖𝜆,𝑃𝐵𝐻+  is the molar extinction coefficient of the photometric base at wavelength λ. 
𝐴𝜆,𝑃𝐵𝐻+ = [𝑃𝐵𝐻
+] 𝑙 𝜖𝜆,𝑃𝐵𝐻+  (2.2) 
Assuming the photometric base can be in only two states, protonated and deprotonated, this 
absorbance measurement yields both [PB] and [PBH+] for each point in the titration. Because 
acetonitrile is not protonated to any measurable extent, all protons that are not on a photometric 
base molecule are held by titrant base, so from the ratio of [PB] to [PBH+] one can infer the 
concentrations of the titrant base and its conjugate acid, [B] and [BH+], the total of which must 
equal the formal concentration of titrant base added. 
Using these concentrations, the pKa value of the photometric base can be determined 
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relative to the self-consistent scale from which the titrant base pKa values are quoted. The pKa of 
the photometric base, pKa,PB, is related to its dissociation constant, Ka,PB, by Equation 2.2. Said 
dissociation constant is defined in Equation 2.3 for the photometric base and Equation 2.4 for 
the titrant base. In these equations: [PB] is the concentration of the photometric base; [H+] is the 
concentration of solvated protons; [PBH+] is the concentration of the conjugate acid of the 
photometric base; [B] is the concentration of the base being titrated into solution; and [BH+] is 
the concentration of the conjugate acid of the base being titrated into solution. Division of 
Equation 2.3 by Equation 2.4 and slight rearrangement yields Equation 2.5. As stated previously, 
the concentrations of each species at every point in the titration can be determined via the UV-
vis spectrum, so it is possible plot the left side of Equation 2.5 against [B] to yield a linear plot 
with slope 
𝐾𝑎,𝑃𝐵
𝐾𝑎,𝐵
. As the pKa (and thus, the Ka) of the titrant base conjugate acid is stated in the 
literature, the acidity of the photometric base conjugate acid can then be calculated by Equation 
2.6. The determination of pKa values using spectrophotometric titrations is well-established in 
the literature. 24,30,31 
p𝐾𝑎,𝑃𝐵 = − log 𝐾𝑎,𝑃𝐵 (2.2)
𝐾𝑎,𝑃𝐵 =
[𝑃𝐵][𝐻+]
[𝑃𝐵𝐻+]
(2.3)
𝐾𝑎,𝐵 =
[𝐵][𝐻+]
[𝐵𝐻+]
(2.4)
[𝑃𝐵][𝐵𝐻+]
[𝑃𝐵𝐻+]
=
𝐾𝑎,𝑃𝐵
𝐾𝑎,𝐵
[𝐵] (2.5)
p𝐾𝑎,𝑃𝐵 = − log [
𝐾𝑎,𝑃𝐵
𝐾𝑎,𝐵
∗ 10−p𝐾𝑎,𝐵] (2.6)
 
 
Results and Discussion 
Synthesis and Characterization of R-7DMAQs 
 The unsubstituted 7-(dimethylamino)quinoline (H-7DMAQ) was synthesized from N,N-
dimethyl-p-aminoaniline (DMAA) via a Skraup reaction, as shown in Scheme 2.1. The identity of 
the product was supported by NMR spectroscopy and, in experiments carried out by Thomas 
Eisenhart, mass spectrometry (molecular m/z: 173.00 (calc: 173.10)). The aryl-substituted 7-
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(dimethylamino)quinoline species (R-7DMAQs) were synthesized via the three-step route 
illustrated in Scheme 2.2. First, 3,4-dihydroxy-7-(dimethylamino)quinoline (OH-7DMAQ) was 
synthesized via the refluxing of N,N-dimethyl-p-aminoaniline in diethyl malonate. OH-7DMAQ 
was then brominated by refluxing with phosphorous oxybromide and potassium carbonate in dry 
acetonitrile to yield 3,4-dibromo-7-(dimethylamino)quinoline (Br-7DMAQ). The R-7DMAQs were 
synthesized via a Suzuki coupling between the brominated sites of Br-7DMAQ and commercially 
available aryl boronic acids. The identity of each of the R-7DMAQs was supported via NMR 
spectroscopy and, in experiments carried out by Thomas Eisenhart, via mass spectrometry 
(molecular m/z: Ph-7DMAQ – 325.18 (calc: 325.17); MeO-7DMAQ – 445.21 (calc: 445.21); TMP-
7DMAQ – 437.29 (calc: 437.30)). 
  
Figure 2.2: UV-vis spectra of H-7DMAQ/H-7DMAQH+, Ph-7DMAQ/Ph-7DMAQH+, TMP-7DMAQ/TMP-7DMAQH+, and OMe-
7DMAQ/OMe-7DMAQH+ (clockwise from top-right). 
MeO-7DMAQ 
MeO-7DMAQH+ 
TMP-7DMAQ 
TMP-7DMAQH+ 
Ph-7DMAQ 
Ph-7DMAQH+ 
H-7DMAQ 
H-7DMAQH+ 
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The UV-vis absorbance spectra of H-7DMAQ and the three R-7DMAQs in acetonitrile were 
acquired. To acquire the spectra of these species’ conjugate acids, to each sample was then 
added one equivalent of tetrafluoroboric acid etherate complex (HBF4●O(CH2CH3)2). All 
synthesized photometric bases exhibit a large bathochromic shift in their absorbance maxima 
upon protonation, as seen in Figure 2.2. This absorbance shift upon protonation indicates that 
these complexes will be useful for proton transfer. The negligible absorbance of the 
deprotonated form at 460 nm, near the λmax of the protonated form, provides a spectral window 
in which the appearance of the conjugated acid can be monitored. The pKa values were 
determined via spectrophotometric titration with 2-picoline (conjugate acid pKa = 13.32 in 
CH3CN )29 or, for CF3-7DMAQ, aniline (conjugate acid pKa = 10.62 in CH3CN )29. In this experiment, 
a sample of R-7DMAQ in CH3CN is protonated with a single equivalent of tetrafluoroboric acid; 
into the sample is then titrated a base of known pKa to incrementally deprotonate the R-7DMAQ. 
The spectrophotometric titration data is presented in Figure 2.3. The λmax values for the two 
states of each of the photometric bases and their pKa values are presented in Table 2.1. 
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 Figure 2.3: Spectrophotometric titration data (top to bottom: TMP-7DMAQ; MeO-7DMAQ; H-7DMAQ; and Ph-7DMAQ). Left: 
UV-vis spectra ranging from deprotonated (red), to fully protonated (orange), through the course of the titration with 2-picoline 
(yellow through violet). Right: linear plot from which the pKa is extracted.  
TMP-7DMAQ 
MeO-7DMAQ 
H-7DMAQ 
Ph-7DMAQ 
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Table 2.1: Spectroscopic features of the synthesized photometric bases and pKa values for their conjugate acids. 
Photometric 
Base 
pKa of conjugate acids 
in CH3CN 
Deprotonated λmax  
in CH3CN / nm 
Protonated λmax  
in CH3CN / nm 
H-7DMAQ 14.75 371 464 
Ph-7DMAQ 14.19 392 464 
MeO-7DMAQ 15.04 389 375, 465 
TMP-7DMAQ 15.22 374 446 
CF3-7DMAQ 11.45 414 488 
 
Application of R-7DMAQs to the Study of Proton Transfer Kinetics in a Tertiary PCET System 
Scheme 2.3: The termolecular, stepwise PCET reaction studied by Thomas Eisenhart using stopped-flow rapid-mixing coupled 
with optical spectroscopy. 
 
The photometric bases H-7DMAQ, Ph-
7DMAQ, TMP-7DMAQ, and MeO-7DMAQ were 
used by Thomas Eisenhart to monitor proton 
transfer in  a thermal PCET system using 
stopped-flow rapid mixing with time-resolved 
optical monitoring.32 The primary reaction 
probed by the photometric base, Scheme 2.3, is 
the transfer of a proton to R-7DMAQ from the 4-
aminophenol radical cation formed by oxidation 
of 4-aminophenol by ferrocenium. This 
reactivity was initiated by the rapid mixing of 
two solutions: one containing the R-7DMAQ and 4-aminophenol and the other containing 
Figure 2.4: Absorbance spectra of the reaction mixture taken 
at a range of delays after rapid mixing of 4-aminophenol (100 
μM) and Ph-7DMAQ (30 μM) with ferrocenium (150 μM) in 
CH3CN. Spectra were acquired using a xenon light source and 
a diode array detector. 
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ferrocenium. 
The electron transfer component was monitored via the bleach of the ferrocenium 
absorption at 620 nm; the proton transfer component, via the growth of the R-7DMAQH+ signal 
(Figure 2.5). Concentration profiles were obtained for each spectroscopically active component 
of the system using single-wavelength monitoring with a tungsten lamp and a dual-beam 
photomultiplier tube. The kinetics of the system were then extracted via modelling with a series 
of differential equations that comprehensively describe the available reactivity. The proton 
transfer rates discerned by the fitting of the kinetic models to experimental concentration 
profiles are given in Table 2.2.  A plot of the natural logs of these rate constants against the 
proton acceptor pKa is given in Figure 2.6.  Because the pKa of NH2PhOH●+ and NH2PhO+ in CH3CN 
are unknown, only when the proton donor is held constant can the relative driving forces be 
related. 
The range of driving forces made accessible by the variety of aryl substituents allowed the 
interplay between thermodynamics and kinetics in such systems to be examined. The measured 
rates for transfers to the photometric base species were not inconsistent with a linear free energy 
relationship, but the inclusion of rates of transfer to neutral 4-aminophenol results in a series 
that curves in a manner suggestive of a Marcus-style free energy relationship. To fully 
characterize the dependence in this system and dispel the ambiguity, a much wider range of pKa 
values would be required. 
 
Figure 2.5: Plot of ln(kPT) against proton acceptor pKa for several reactions in the kinetic model. k2 is kPT for transfer from NH2PhOH
● +
 to R-7DMAQ; k6, from NH2PhOH
● + to NH2PhOH; k4, from NH2PhO+ to R-7DMAQ; and k7, from NH2PhO+ to NH2PhOH. 
16 
 
 
Table 2.2: Rate constants for proton transfer elementary steps in the kinetic model tuned to match experimental data. 
Proton Donor 
Proton Acceptor 
(Conjugate Acid pKa) 
kPT (M-1 s-1) 
NH2PhOH●+ 
H-7DMAQ (15.0) 6.0 × 108 
Ph-7DMAQ (14.2) 1.5 × 108 
MeO-7DMAQ (15.0) 6.0 × 108 
TMP-7DMAQ (15.2) 7.5 × 108 
NH2PhOH (12.5) 3.0 × 106 
NH2PHO+ 
H-7DMAQ (15.0) 2.0 × 107 
Ph-7DMAQ (14.2) 5.5 × 106 
MeO-7DMAQ (15.0) 2.0 × 107 
TMP-7DMAQ (15.2) 3.0 × 107 
NH2PhOH (12.5) 1.0 × 105 
 
Conclusions 
 A series of 7-dimethylaminoquinoline derivatives with spectroscopic properties rendering 
them useful as probes for proton transfer have been successfully synthesized. All variants exhibit 
stark bathochromic shifts of their absorbance maxima upon protonation Their application to the 
study of PCET systems has allowed for the first study of a tertiary PCET system in which all 
component of the reactions can be observed simultaneously. With handles on PT driving force, a 
LFER was observed, although the range of pKa values accessible (14.2 to 15.2) were insufficient 
to fully elucidate the free energy relationship and differentiate definitively between a linear and 
parabolic free energy relationship. 
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Chapter 3  
PROBING THE EFFECT OF BACKBONE CONJUGATION ON THE ELECTROCHEMICALLY 
INITIATED HYDRIDE FORMATION KINETICS OF CYCLOPENTADIENYLCOBALT Κ2-
BIS(DIPHENYL)PHOSPHINE COMPLEXES 
Introduction 
The development of a molecular catalytic system capable of carrying out small molecule 
activations is a high-priority target in efforts to reduce dependency on fossil fuel reserves for 
chemical fuels and feedstocks.33 These processes generally involve the transfer of multiple 
protons and electrons—as in the case of converting carbon dioxide to methanol, which amounts 
to the addition of three protons and three electrons to the substrate. To carry out such processes, 
the careful coordination of charge transfer is critical. The importance of proton-coupled electron 
transfer mechanisms is readily apparent from the extent to which they are central to natural 
processes of energy storage and utilization such as photosynthesis and cellular respiration.2–5,34 
As our goal is to create synthetic versions of such systems, it is no surprise that PCET 
mechanisms are also central to the function of experimental hydrogen production catalysts. In 
most mechanistic proposals , a key intermediate is a metal hydride—a chemical species in which 
a proton is bonded directly to a metal.35–39 By understanding PCET, we can hope to rationally 
design catalysts that undergo concerted proton-electron transfer (CPET) when forming hydride 
intermediates, a pathway that has the potential to increase the efficiency of fuel production by 
avoiding the high-energy states of stepwise PCET—although high kinetic barriers for the 
concerted pathway lead many systems to go through a stepwise mechanism anyway.40 
Prior work by Elgrishi, Kurtz, and Dempsey has shown cyclopentadienylcobalt κ2-1,2-
bis(diphenylphosphino)ethane, to be a well-behaved platform to study cobalt hydride formation 
via cyclic voltammetry in acetonitrile.41 The reaction scheme of this complex is given in Scheme 
3.1. The complex is stable in acetonitrile in the presence of acids in its cobalt (III) oxidation state 
([CpCo(dppe)(CH3CN)][PF6]2), which has a coordinated acetonitrile. Reduction to the cobalt (II) 
oxidation state results in a rapid, reversible loss of the bound acetonitrile. This species 
disproportionates slowly into CpCo(III)(dppe)(CH3CN) and CpCo(III)(dppe)H in the presence of a 
strong proton source, but not under cyclic voltammetry timescales. Upon reduction to the Co(I) 
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oxidation state in the presence of a proton source, a Co(III) hydride is formed. It is worth noting 
that the reduction of the cobalt hydride is several hundred millivolts negative of the Co(II/I) 
couple, so the hydride-forming step can be studied without convolution from complex 
degradation or catalytic H2 evolution.  
Scheme 3.1: Electrochemistry of [CpCo(dppe)(CH3CN]2+. 
 
The Co(II/I) couple and the subsequent chemical reaction with an acid constitutes an EC 
process—that is, a reaction that consists of a reversible electron transfer (E) step followed by an 
irreversible chemical (C) step that consumes the product of the first step. These events appear 
as irreversible waves via cyclic voltammetry and, because the current in cyclic voltammetry is the 
result of the Nernstian equilibrium being maintained at the electrode surface, consumption of 
the electrochemically-generated intermediate causes the reaction to go to completion and the 
observed current to peak at less oxidizing (if the E step is oxidative) or reducing (if the E step is 
reductive) potentials. In this case, because the E step is reductive, the hydride-forming reaction 
results in a shift toward less negative potentials. With increasing scan rate, the C step becomes 
relatively less-prominent as the time scale of the experiment changes and the peak shifts back 
toward the thermodynamic potential of the E step. The peak potential for an EC reaction is given 
by Equation 3.1, wherein EP is the peak potential, E1/2 is the thermodynamic potential of the 
electron transfer, R is the gas constant, T is the temperature in Kelvin, F is Faraday’s Constant, 
kobs is the observed rate constant of the C step (Equation 3.2), and υ is the scan rate.42 The rate 
constant of hydride formation by the transiently-generated cobalt (I) species was determined by 
cyclic voltammetry in the presence of excess acid, providing pseudo-first-order conditions.  
𝐸𝑃 = 𝐸1
2
−
𝑅𝑇
𝐹
(0.78) +
𝑅𝑇
2𝐹
ln (
𝑘𝑜𝑏𝑠𝑅𝑇
𝐹𝜐
) (3.1) 
−
𝑑[𝐶𝑜(𝐼)]
𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐶𝑜(𝐼)] (3.2) 
The value of kobs in the presence of acids spanning nearly 20 pKa units was determined both by 
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measurement of peak potential with varied acid concentration and varied scan rate. Because kPT 
is observed to have a first-order dependence on acid concentration and the conditions are 
pseudo-first order with respect to acid, the acid concentration can be divided out from kobs to 
give a rate constant for proton transfer, kPT (Equation 3.3). 
𝑘𝑜𝑏𝑠 = 𝑘𝑃𝑇[𝐻𝐴] (3.3) 
The results of the experiments in which acid concentration was varied and those in which scan 
rate was varied were in agreement with one another and are presented in Figure 3.1. It was 
observed that, for most acids with pKa values above 16, there is a linear free energy relationship 
(LFER) between the driving force and the rate constant for protonation of cobalt (I), with log(kPT) 
versus the pKa of the proton slope having a slope of −0.55. For acids with lower pKa values, 
however, a plateau is observed at kPT = 2 × 107 M-1 s-1. As this rate is three orders of magnitude 
below typical diffusion limits in acetonitrile, this plateau seems to suggest that the rate-limiting 
step, or entire mechanism, changes when acids with pKa values below 16 are employed as proton 
sources. The remaining acids, which fit along neither of the aforementioned trends, are posited 
to be sufficiently sterically hindered around the acidic protons that their rate of reaction is 
significantly decreased.  
 
 
Figure 3.1: Rate constants for the reaction with acid upon the reduction of CpCo(dppe)+ to the cobalt (I) oxidation state against 
the pKa of the proton source, color coded by region: LFER (red), plateau (green), and sterically-hindered (blue).41 
The goal of this work is to explore the effect of the phosphine ligand’s backbone 
hybridization on the rate constant-pKa relationships as well as the predominant mechanism of 
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hydride formation. This has been accomplished by synthesizing and characterizing a related 
complex wherein the backbone of the bis(diphenylphosphine) ligand is a vinyl moiety rather than 
an ethyl one, [CpCo(dppv)(CH3CN)][PF6]2. Specifically, by changing the angles from which the 
phosphine atoms donate electrons into the metal center, one may be able to tune the overlap 
between the phosphine σ-orbitals and the cobalt dxz and dyz in the cobalt (I) oxidation state, thus 
influencing the electron distribution around the metal center and thus the availability of the 
center’s electron density to protons from acids in solution, modulating its Lewis basicity. The 
effect of varying the bite angle of bidentate ligands, especially diphosphines, on electronic 
structure, coordination geometry, and reactivity have been a topic of significant interest to the 
organometallic community. Much as one can tune a metal center’s properties by modulating a 
monodentate phosphine ligand’s cone angle, as explored by the work of Tolman and others,43 
changing the backbone connecting the electron-donating moieties can distort the geometry of 
the complex and significantly affect reactivity, as discussed by Dierkes and Leeuwen in a review 
of the applications of bite-angle modulation in catalysis.44 The effects of these electronic 
differences on the kinetics of hydride formation, both in the LFER and plateau regimes, is the 
primary interest of this work. 
Experimental Methods 
All experiments were performed in a nitrogen-filled glovebox unless otherwise noted. A 
Pure Process Technology solvent purification system was used to dry and degas solvents with 
argon: acetonitrile (Fisher Scientific, HPLC grade, >99.9%), diethyl ether (VWR, ACS reagents), and 
dichloromethane (Fisher Scientific, GC/MS grade). Tetrabutylammonium hexafluorophosphate 
(Acros Organics, 98%) was recrystallized as previously reported.45 cis-1,2-
bis(diphenylphosphino)ethylene (Alfa Aesar, 97%), dimethyl sulfide (Sigma-Aldrich, anhydrous ≥
99%), and cyclopentadienylcobalt dicarbonyl (Strem, >95%) were used as received. Ferrocenium 
hexafluorophosphate was synthesized following a literature procedure.46 Benzene-d6 (99.5% D) 
and acetonitrile-d6 (99.8% D) were purchased from Cambridge Isotope Laboratories. 
Synthesis of [CpCo(dppv)(CH3CN)][PF6]2 
[CpCpCo(SMe2)3][PF6]2. In a round-bottom flask, ferrocenium hexafluorophosphate (248 mg, 0.75 
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mmol) is dissolved in 100 mL dichloromethane to produce a dark blue solution. Into a separate 
vial containing 10 mL dichloromethane is added CpCo(CO)2 (50 μL, 62.5 mg, 0.38 mmol) and 
dimethyl sulfide (135 μL, 117 mg, 1.88 mmol). The contents of the vial are then emptied into the 
round-bottom flask and the mixture is stirred for 30 minutes. Gas evolution is observed upon 
initiation and declines steadily over time. The color of the solution becomes a reddish brown 
after several minutes and a powdery, pink precipitate can be observed accumulating in solution. 
The precipitate is recovered by vacuum filtration through a fine frit and washed with 
dichloromethane. The product is then dried in vacuo.  
[CpCo(dppv)(CH3CN)][PF6]2. To a vial containing [CpCo(SMe2)3][PF6]2 (79.9 mg, 0.14 mmol) and 
bis(diphenylphosphino)ethylene (dppv) (55.5 mg, 0.14 mmol) is added 5 mL acetonitrile. The 
mixture is stirred for 48 h at room temperature. Solvent is removed in vacuo. To the vial is added 
minimal (~1-2 mL) acetonitrile to solvate the product. The solution is filtered through an alumina 
pipette column. Each half of the filtrate is then added dropwise to a separate vial containing 15 
mL OEt2 and a precipitate forms. The vial is removed from the box and sonicated before being 
returned to the box. A crude powder is then recovered by filtration. The powder is removed from 
the glove box and dissolved in minimal acetonitrile. The concentrated solution is then added 
dropwise to a vial of chloroform, resulting in the formation of microcrystals and the extraction of 
a deep red/violet impurity. The mixture is centrifuged to recover the fine crystals, redissolved in 
acetonitrile, and put through the same process until the supernatant is colorless.  Product is then 
dried in vacuo. 1H NMR (400 MHz, CD2Cl2) δ (ppm): 7.90 (m, 4H, Ar-H), 7.69 (m, 14H, Ar-H), 7.43 
(m, 4H, Ar-H), 5.75 (s, 5H, C5H5), 4.31 (s, 2H, vinyl). 
Acid Procurement 
The following anilinium derivatives were prepared as tetrafluoroborate salts using 
literature procedures:30 p-cyanoanilinium, p-bromoanilinium, and p-tert-butylanilinium. Both 
perfluoro-p-cresol and 2,3,5,6-tetrafluorophenol were used as received from commercial sources. 
Electrochemistry 
All electrochemistry was carried out in 20 mL scintillation vials. Custom-made Teflon caps 
held the three electrodes, which were connected to a WaveDriver potentiostat. A silver wire in a 
0.25 M tetrabutylammonium acetonitrile solution-filled glass tube interfaced with the analyte 
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solution by glass frit was used in all experiments as the reference electrode. All potentials 
measured relative to the ferrocenium/ferrocene couple of ferrocene added for use as an internal 
reference. Experiments were conducted in acetonitrile with 0.25 M tetrabutylammonium 
hexafluorophosphate to minimize the effects of Ohmic drop. The glassy carbon electrodes (CH 
Instruments, 3 mm diameter disk) employed as working and counter electrodes were polished 
with 0.05 μm alumina powder (CH Instruments) Milli-Q water slurries, rinsed with Milli-Q water, 
and sonicated in Milli-Q water and thoroughly dried prior to use. Working electrodes were 
pretreated in electrolyte solution by repeated scans from 1 V to −2.5 V versus the reference 
electrode until traces overlaid to remove residue form the polishing procedure. 
The concentration of [CpCo(dppv)(CH3CN)][PF6]2 of approximately 0.2 mM, depending on 
the volume of acid/acid solution added. The cobalt complex (964 μmmol) was solvated in 5 mL 
electrolyte solution and a voltammogram collected to ensure the absence of acidic impurities. 
The acid, if an anilinium salt, was dissolved in a 1 or 2 mL volumetric flask with electrolyte solution 
and transferred to the cell via Hamilton syringe; if a phenol, it was transferred directly to the cell 
by Hamilton syringe. Cyclic voltammograms were then collected over a range of scan rates. 
Equation 3.1 can be arranged into a linear form with 𝐸𝑃 as the dependent variable and ln (
𝑅𝑇
𝐹𝜐
) 
as the dependent one. From this line, the value of 𝑘𝑜𝑏𝑠  is extracted using Equation 3.5.  
 𝐸𝑃 = 𝐸1 2⁄ −
𝑅𝑇
𝐹
(0.78) +
𝑅𝑇
2𝐹
ln (
𝑅𝑇
𝐹𝜐
) +
𝑅𝑇
2𝐹
ln(𝑘𝑜𝑏𝑠) (3.4) 
𝑘𝑜𝑏𝑠 =
2𝐹
𝑅𝑇
exp [𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 − 𝐸1 2⁄ +
𝑅𝑇
𝐹
(0.78)] (3.5) 
Results and Discussion 
The complex [CpCo(dppv)(CH3CN)][PF6]2 was synthesized from commercially available 
CpCo(CO)2 via the synthetic intermediate [CpCo(SMe2)3][PF6]2 as shown in Scheme 3.2. Under 
nitrogen atmosphere, ferrocenium is added to a solution of CpCo(CO)2 and dimethyl sulfide in 
CH2Cl2. The oxidation of the cobalt from Co(I) to Co(III) renders the π-acidic carbonyl ligands 
sufficiently labile to be driven off as a gas and replaced by the dimethyl sulfide. In nitromethane, 
the [CpCo(SMe2)3][PF6]2 is exposed to the dppv ligand and the system is placed under reduced 
pressure to pull off dimethylsulfide. The identity of the product as [CpCo(dppv)(CH3CN)][PF6]2 is 
consistent with 1H NMR spectroscopy. 
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Scheme 3.2: The synthetic route employed to produce [CpCo(dppv)(CH3CN)][PF6]2. 
 
To identify the electronic effect of the change in ligand backbone, 
[CpCo(dppv)(CH3CN)][PF6]2 was characterized first by cyclic voltammetry in acetonitrile (Figure 
3.2). Two single-electron, reversible redox events are observed: one at −0.50 V versus Fc+/0, 
assigned as Co(III/II), and another at −0.88 V versus Fc+/0, assigned as Co(II/I). 
 
Figure 3.2: Comparison between the cyclic voltammetry of [CpCo(dppv)(CH3CN)][PF6]2 (red, above, 48.2 μM) and 
[CpCo(dppe)(CH3CN)][PF6]2 (blue, below) in dry acetonitrile with an electrolyte ([TBA][PF6]) concentration of 250 mM. The scan 
rate for both voltammograms is 100 mV/s 
The UV-vis spectra of [CpCo(dppv)(CH3CN)][PF6]2 and [CpCo(dppe)(CH3CN)][PF6]2 in 
acetonitrile are presented as Figure 3.3. The [CpCo(dppv)(CH3CN)][PF6]2 complex exhibits a 
strong absorption feature (ε = 14.7 × 103 M-1 cm-1) at 307 nm and weaker feature (ε = 2.22 × 103 
M-1 cm-1) at 408 nm. All absorbed features are of far greater intensity than is generally observed 
for d-d transitions, so they presumable involve a degree of ligand-to-metal charge transfer (LMCT) 
character.  
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Figure 3.3: UV-vis spectrum of [CpCo(dppv)(CH3CN)][PF6]2 (blue) and  [CpCo(dppe)(CH3CN)][PF6]2 (orange) in acetonitrile. 
 
Table 3.1: Formal potentials of the Co(III/II) and Co(II/I) couples in the cyclic voltammograms of [CpCo(dppe)(CH3CN)][PF6]2 and 
[CpCo(dppv)(CH3CN)][PF6]2. 
 E0Co(III/II) vs Ferrocene (V) E0Co(II/I) vs Ferrocene (V) 
[CpCo(dppe)(CH3CN)][PF6]2 −0.51 −0.93 
[CpCo(dppv)(CH3CN)][PF6]2 −0.50 −0.88 
The value of 𝑘𝑜𝑏𝑠, from which 𝑘𝑃𝑇 was determined, was measured in the presence of a 
series of acids (p-cyanoanilinium, p-bromoanilinium, p-tert-butylanilinium, perfluoro-p-cresol, 
and 2,3,5,6-tetrafluorophenol) using variable scan rate cyclic voltammetry. Upon addition of acid 
to the [CpCo(dppv)(CH3CN)]2+ sample, the wave corresponding to the Co(II/I) couple becomes 
irreversible and shifts cathodically in a manner consistent with an EC mechanism. As the scan 
rate is increased, the potential of the current peak shifts anodically as there is less time for the 
chemical reactivity to occur and exert an effect. As per Equation 3.1, the magnitude of this shift 
is correlated to 𝑘𝑜𝑏𝑠. The results of the variable scan rate experiments in the presence of strong 
acids (p-cyanoanilinium, p-bromoanilinium, and p-tert-butylanilinium) are presented in Figure 
3.4. The results for those in the presence of weaker proton sources, perfluoro-p-cresol and 
2,3,5,6-tetrafluorophenol, are presented in Figure 3.5. The measured values for kPT are presented 
in Table 3.2. As was observed for analogous experiments using [CpCo(dppe)(CH3CN)]2+, the rate 
constant increases with acid strength for weaker acids but plateaus with the use of stronger acids. 
The cyclic voltammetry data indicates that changing the hybridization of the two-carbon 
linker between the phosphorous atoms from sp3 to sp2 did indeed alter the energetics of the 
Co(II/I) couple (Figure 3.2).  Although the Co(III/II) couple is shifted positive only modestly, the 
λmax = 307 nm 
λmax = 307 nm 
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electron-rich Co(I) state is stabilized by 50 mV relative to the variant with the dppe ligand. The 
UV-vis spectra of the two complexes are markedly different, but it is conceivable that the same 
three major features are present in each: An absorbance in the near UV that is the most intense 
absorbance in each species along with two less-intense absorptions between 400 and 600 nm, 
which manifest as a peak with a shoulder in the spectrum of [CpCo(dppv)(CH3CN)][PF6]2 and a 
broad, peakless feature spanning much of the spectrum in [CpCo(dppe)(CH3CN)][PF6]2. 
The rate constants of CpCo(dppe) and CpCo(dppv) are not differentiable in the plateau 
region (Figure 3.6). The nature of the plateau remains uncertain. One proposed explanation for 
the existence of the plateau region is that the observed rate constant has a pre-equilibrium rolled 
into it (Equation 3.4), in contrast to Equation 3.3. Under this mechanism, the observed rate 
constant for proton transfer (kPT) would be equal to the rate constant of the rate constant of the 
rate-limiting step (k) times the equilibrium constant (K), rather than reflecting the rate constant 
of an elementary proton transfer step. Therefore, the rate-limiting step may in fact be diffusion-
limited in the plateau despite the apparent rate of proton transfer being several orders of 
magnitude below the anticipated diffusion limit (1 × 1010 M-1s-1, as calculated in the Supporting 
Information of the work by Elgrishi, Kurtz, and Dempsey41). In one scenario compatible with this 
scheme, the lowest-energy configuration of the Co(I) oxidation state is not the proton-accepting 
species, but is rather in equilibrium with some configuration that is (Scheme 3.3). 
𝑘𝑃𝑇 = 𝐾𝑘 (3.4) 
 In contrast, the data collected so far indicates that the linear free energy relationship has 
been significantly impacted. For a given acid strength, CpCo(I)(dppv) reacts more slowly than 
CpCo(I)(dppe). This behavior can be rationalized by the stabilization of the Co(I) oxidation state 
that was observed by cyclic voltammetry—if the complex is more easily reduced, it follows that 
there will likely be less driving force for it to accept a proton. The data raises an interesting 
question, though: If the LFERs of the two complexes are so different, why do they appear to 
intersect at the onset of the plateau? In any case, more data points must be collected in the LFER 
region to fully flesh-out our view of it. 
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Figure 3.4: Results of the variable scan rate cyclic voltammetry experiments for proton sources in the strong acid (plateau) regime. 
The voltammograms (left) and plots of peak potential against ln(Fυ/RT) (right) for each proton source are organized vertically. 
The acid concentrations for each experiment, from top to bottom, are as follows: [p-CyAnH+] = 5.0 mM; [p-BrAnH+] = 4.0 mM; 
and [p-tBuAnH+] = 6.4 mM. 
p-CyAnH+ 
p-BrAnH+ 
p-tBuAnH+ 
p-CyAnH+ 
p-BrAnH+ 
p-tBuAnH+ 
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Figure 3.5: Results of the variable scan rate cyclic voltammetry experiments in the presence of 2,3,5,6-tetrafluorophenol. The 
acid concentrations are as follows: [perfluoro-p-cresol] = 11.7 mM and [F4PhOH] = 87.8 mM. 
 
Table 3.2: Rate constants for the protonation of CpCo(I)(dppe) and CpCo(I)(dppv) in the presence of acids of varied acidity. 
Acid pKa 
kPT / M-1 s-1 with 
CpCo(I)(dppe)41 
kPT / M-1 s-1 with 
CpCo(I)(dppv) 
p-Cyanoanilinium 7.047 1.1 × 107 2.68 × 107 
p-Bromoanilinium 9.429 2.5 × 107 1.61 × 107 
p-tert-Butylanilinium 11.130 2.1 × 107 2.23 × 107 
Perfluoro-p-cresol 16.6248 7.8 × 106 2.93 × 106 
2,3,5,6-Tetrafluorophenol 20.1248 1.7 × 105 5.96 × 103 
perfluoro-p-cresol 
 
 
perfluoro-p-cresol 
 
F4PhOH 
 
F4PhOH 
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Figure 3.6: The measured rate constants for protonation of CpCo(I)(dppe) (black, bulky acids excluded) and CpCo(I)(dppv) (red) 
by acids in CH3CN plotted against the pKa of the acid source used. 
 
 
Scheme 3.3: The formation of the cobalt(III) hydride species with a rapid pre-equilibrium. 
 
Conclusions 
The change in hybridization of the two-carbon linker in a κ2-bis(diphenyl)phosphino ligand 
attached to a cyclopentadienylcobalt(I) fragment has been found to stabilize this electron-rich 
oxidation state by 50 mV without affecting the rate constant plateau for protonation of “Co(I)” 
by strong (pKa < 16) acids. However, the linear free energy relationship for the protonation of 
CpCo(I)(dppv) appears based on preliminary data to be substantially steeper than that of 
CpCo(I)(dppv). The modulation of such a linear free energy relationship by slight modification of 
a ligand’s structure is a promising avenue for improving understanding of the interplay between 
thermodynamics and kinetics in metal hydride formation. 
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